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Introduction
The artificial freezing method is one of the main construction means to pass through the thick alluvium [1] . A number of vertical freezing pipes are placed at the stratum of shaft. The freezing pipes are used to resist ground and water pressure, and prevent the collapse of shaft lining structure. The frozen soil wall can fully cut off the seepage of groundwater and offer a watertight working environment. This can improve the strength and deformation resistance ability of ground for excavation [2, 3] .
The artificial ground freezing technique is the best way for shaft sinking [4] . The temperature field of frozen soil wall, which is a transient evolution process with phase change, is the most important factor in freezing shaft engineering. The mechanical behavior of frozen soil is greatly affected by the temperature. The change of temperature will cause variations of mechanical properties of frozen soil, which will not be conducive to the mechanical state control of the frozen soil wall [5] . In recent years, research has been conducted on the theory, experiment and simulation of frozen soil wall [6] [7] [8] [9] [10] .
In fact, the temperature field of artificial frozen soil wall is greatly influenced by the unfrozen water content [11] . In order to consider the effect of unfrozen water, a discrete phase change model of temperature field around a single freezing pipe was established [12] . Howev-THERMAL SCIENCE: Year 2019, Vol. 23, No. 3A, pp. 1329-1335 er, it is still urgent to study the temperature field of frozen soil wall with double or even more cycles of freezing pipes. In this paper, the temperature field with three cycles of freezing pipes is studied with the finite element method. The evolution characteristics of the temperature field and unfrozen water content are analyzed.
The governing differential equations
The coupling relationship between water and heat in frozen soil is induced by the phase change of unfrozen water. Considering the influence of phase change, a coupling equation can be given in eq. (1) for soil materials [13] :
where C ¯ is the heat capacity, λ ¯ -the thermal conductivity, θ -the ice content, ρ i -the density of ice, and L -the latent heat of phase change. Unfrozen water content is independent of total water content and affected only by temperature when the freezing point is reached [14] . For transient thermal conduction problem, the following equation can be obtained:
The non-linear characteristics of the heat capacity and thermal conductivity are induced by the variation of unfrozen water content in frozen soil. The temperature parameters of frozen soil are related to the physical properties of soil particle, water and ice. The heat capacity of soil in freezing process can be expressed in terms of soil particle, water and ice contents:
where θ s is the content of soil particles, θ w -the content of water, θ i -the content of ice, C s -the specific heat of soil particles, C w -the specific heat of water, and C i -the specific heat of ice. The thermal conductivity of soil in freezing process can be expressed:
where λ s is the thermal conductivity of soil particle, λ w -the thermal conductivity of water, and λ i -the thermal conductivity of ice. The initial temperature of differential equations at t = 0 is determined by earth temperature, and it can be given:
The boundary temperatures of calculating model surrounding frozen pipes are:
The remote boundary condition of the calculating model is given:
In order to solve the governing equations previosly mentioned, the Galerkin method is used to deduce the finite element formulae of the temperature field for frozen soil wall. The following equation can be given:
where [K] is the heat conduction matrix, [N] -the heat capacity matrix, {T} -the column matrix of temperature, and the {P} -the column matrix of temperature load. The components of the heat capacity matrix and heat conduction matrix are:
The difference method is adopted for iteration solve the heat transfer problem, and eq. (9) can be written [5] :
The unfrozen water content of frozen soil
The latent heat of water is released due to the transition from water to ice. The unfrozen water content of soils is important for the thermal computations relating to freezing or thawing [15] . The unfrozen water content of frozen soil is closely related to the temperature during freezing process [16, 17] . The amount of unfrozen water is mainly dependent on temperature, instead of the water content. The unfrozen water content of frozen soil decreases slowly with the decrease of temperature when the temperature is below the main phase change range. There is a dynamic balance between unfrozen water content and ice at a certain temperature. The relationship between the unfrozen water content and temperature is shown in fig. 1 .
The unfrozen water content can be regarded as a function of temperature. The relationship between unfrozen water content and temperature can be expressed:
where a, b, c, and d are coefficients, a = -0.13, b = -0.33, c = 6.5, and d = 0.14.
Numerical simulation model and results

Project background
The depth of overburden is large in this mining area and the freezing depth of the shaft reaches about 650 m, which causes the great difficulty for the construction of shaft lining. The design plans of freezing pipes are located at R1 = 7.5 m, R2 = 10.5 m, and R3 = 13.5 m, 
Result and analysis
The temperature field distributions of shaft at different freezing time are shown in fig.  4 . The frozen cylinders surrounding the freezing pipes are formed at the beginning of freezing. The temperature of freezing soil decreases with the increase of distance from the freezing pipe. The radius of frozen cylinder continuously increases with the increase of freezing time. Then the frozen cylinders in every freezing cycle begin to overlap and a closed frozen soil wall is formed. Figure 5 shows the distribution of unfrozen water content at different freezing durations. The distribution of unfrozen water content is greatly affected by the freezing front. The unfrozen water content has a big difference between frozen and unfrozen regions in freezing process. There is an obvious change at the freezing front. When the temperature is below the low limit of phase change, the distribution of unfrozen water content reaches a relative stability state. The distributions of unfrozen water content and temperature along the radius direction are shown in figs. 6 and 7, respectively. After freezing 30 days, the unfrozen water content of frozen soil decreases rapidly at the middle cycle of freezing pipes. There is little unfrozen water around the freezing pipe. The thickness of frozen wall at the middle cycle of freezing pipe is about 1.6 m. With the increase of freezing time, the frozen regions gradually increase. After freezing 90 days, the frozen region begins to overlap and forms a whole of frozen soil wall. The thickness of frozen soil wall increases to about 10.0 m after freezing 150 days. The coefficients of thermal conductivity and specific heat capacity along radius from the center of shaft are shown in figs. 8 and 9, respectively. The thermal conductivity and specific heat capacity of soil are greatly influenced by the freezing process. The thermal conductivity and specific heat capacity have a great change at the range of phase change. The thermal conductivity of soil is obviously improved with the decrease of temperature. However, the specific heat capacity decreases with the decrease of temperature.
In order to analyze the temperature evolution of frozen soil wall, the points A and B, fig. 2 , which are located at the inner and outer walls, are selected as the monitoring position. The temperature evolution curves of the inner and outer walls are shown in fig. 10 . The temperatures of inner and outer walls decrease monotonously with the increase of freezing time. The outer frozen soil wall is close to the outer cycle of freezing pipes. The temperature of outer wall decreases rapidly at the initial freezing stage. With the further increase of freezing time, the heat transfer in outer frozen soil wall gradually reaches a state of dynamic balance, which causes the decrease of temperature. Due to the lack of heat source in inner frozen soil wall, the temperature always decreases rapidly with the increase of freezing time.
The thickness and freezing front position of frozen soil wall are shown in fig. 11 . The thickness of frozen soil wall increases with the increase of freezing time. It increases rapidly at initial freezing stage. Then the increasing rate of thickness gradually decreases with increase of freezing time. The evolution of inner freezing front is slow and steady. The growth of thickness is mainly due to the evolution of outer freezing front. After freezing 250 days, the thickness of frozen soil wall can increase to about 11.0 m. The artificial freezing method is applicative to form a sustainable and stable waterproof wall.
Conclusion
The radius of frozen cylinder continuously increases at initial freezing stage. Then the frozen cylinders in every freezing cycle begin to overlap and a closed frozen soil wall is formed. The distribution of unfrozen water content is greatly affected by the freezing front, and there is an obvious change at the freezing front. When the temperature is below the low limit of phase change, the distribution of unfrozen water content reaches a relative stability state. The thickness of frozen soil wall gradually increases and the temperature continuously decreases with the increase of freezing time. The thickness increases to about 10.0 m after freezing 150 days. After freezing 250 days, the thickness of frozen soil wall increases to about 11.0 m. 
